Abstract. autologous chondrocyte implantation (aci) has emerged as a novel approach to cartilage repair through the use of harvested chondrocytes. However, the expansion of the chondrocytes from the donor tissue in vitro is restricted by the limited cell numbers and the dedifferentiation of the chondrocytes. the present study investigated the effect of collagen-based films, including collagen, hydroxyapatite (Ha)/collagen (Hc) and in situ synthesis of nano-Hc (nHc), on monolayer cultures of chondrocytes. as a substrate for the chondrocytes monolayer culture in vitro, nHc was able to restrain the dedifferentiation of chondrocytes and facilitate cell expansion, which was detected by methyl thiazolyl tetrazolium assay, scanning electron microscopy, calcein-acetoxymethyl/propidium iodide staining, hematoxylin and eosin staining, Safranin o staining, immunohistochemical staining and reverse transcription-quantitative polymerase chain reaction. furthermore, the nHc films significantly facilitated cell growth and enhanced the expression of cartilage-specific extracellular matrix (ECM) components, including aggrecan and type II collagen. In addition, nHC films markedly downregulated the expression of collagen type i, an indicator of dedifferentiation. the results indicated that nHc, a collagen-based substrate optimized by nanoparticles, was able to better support cell growth and preserve cell phenotype compared with collagen alone or HC. The nHC film, which favors cell growth and prevents the dedifferentiation of chondrocytes, may therefore serve as a useful cartilage-like ecm for chondrocytes. In conclusion, nHC film is a promising substrate for the culture of chondrocytes in cell-based therapy.
Introduction
articular cartilage has limited healing potential once injured. autologous chondrocyte implantation (aci) has emerged as a novel approach to cartilage repair through the use of harvested chondrocytes (1, 2) . during the process of aci, expansion of the chondrocytes from the donor tissue in vitro is indispensable (3). However, this approach is restricted by the limited cell numbers and the dedifferentiation of the chondrocytes when they are cultured in vitro. dedifferentiated chondrocytes are characterized by a marked increase in collagen type i (Col I)and a decrease in cartilage-specific markers, including collagen type ii (col ii) and aggrecan (aGc) (4) .
numerous pieces of evidence indicate that cell-cell and cell-extracellular matrix (ECM) directly influence cell signaling via cell adhesion molecules, including integrins and cadherins, which are crucial for cell functions (5-7). Scaffolds not only serve as templates for cells to facilitate cell motility, ecm synthesis and physiological storage of bioactive molecules (8) , but also provide the advantage of guidance for cell differentiation by affecting cell-cell and cell-ecm interactions (9) . Similar to the structure of hyaline cartilage, three-dimensional (3d) scaffolds, particularly the hydrogels, are highly recommended (10) . it is generally accepted that the 3d environment favors the maintenance of the chondrocyte phenotype and supports redifferentiation of dedifferentiated articular chondrocytes (11) (12) (13) . However, cells are encapsulated in matrix and cannot be harvested for further implantation. The difficulty of taking the cells out of the 3D matrices with their viability and functions intact therefore remains. as an alternative, monolayer culture using an elaborate cellular microenvironment that is created mimicking the in vivo situation may assist in maintaining the cell phenotype and prevent dedifferentiation (14) . collagen is widely used for cartilage regeneration (15, 16) , not only as it resembles the ecm of natural cartilage, but also as it has weak antigenicity, biodegradability and superior biocompatibility (17, 18) . the collagen membranes have provided a monolayer culture system, which facilitated the expanding of chondrocyte cells (19) , and have been used for autologous chondrocyte implantation (20, 21) . Without the addition of growth factors, mesenchymal stem cells cultured in collagen beads can differentiate into chondrocytes and form hyaline cartilage similar to native cartilage (22, 23) . However, pure collagen has poor mechanical strength and less favorable bioactivity (24), which does not meet the criteria for cartilage tissue engineering. as cartilage is a weight-bearing tissue, the scaffold for cartilage engineering should be of an appropriate mechanical strength. therefore, to improve the mechanical properties of collagen, the introduction of inorganic material is an optimal choice. Hydroxyapatite (Ha) has been reported to reinforce the mechanical and biological properties of collagen (25, 26) , and also showed potential for cartilage repair (27) . in particular, nano-sized Ha particles are superior to micrometric particles due to the higher surface/volume ratio, better dispersion and the possibility of mixing smaller amounts of Has in the collagen matrix (28). compared with mechanical or ultrasonic stirring, which always results in micro-Ha, the in situ hybridization method enables the creation of nano-Ha, with the advantage of obtaining a homogeneous biocomposite scaffold with well-distributed nano-Ha particles (29) . a previous study showed that collagen-Ha by way of in situ hybridization can enhance the mechanical strength and facilitate chondrocyte growth (25) . thus, we hypothesize that nano-HA/collagen (nHC) film may be favorable cell substrate for in vitro culture of chondrocytes.
in the present study, nano-Ha particles were synthesized innovatively in situ in collagen solution, forming nHC film. to verify its capacity in preventing chondrocytes from dedifferentiation in vitro, nHc film was used as a substrate for chondrocytes. furthermore, chondrocyte proliferation on the novel gel films was compared with that of pure collagen and an HC film on which HA particles were prepared by physical mixing. the analysis of cell viability, morphology, phenotype, protein level and biological function were implemented. With the intention to preserve cell phenotype and promote cell growth to ensure sufficient and functional cells, this study may provide novel insights for cell-based therapy. Preparation of nHC hydrogel in situ. all the chemicals were stored at 4̊C in sterile conditions (25) . To prepare the nHc hydrogel, colia1 solution was neutralized by 1 mol glacial acetic acid and 1 mol sodium hydroxide, with a final concentration of 10 mg/ml. next, 1 mol/l (nH 4 ) 2 Hpo 4
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• 12H 2 o was added into the collagen solution. ca(no 3 ) 2 (1 mol/l) was used to adjust the ratio of ca/p to a ratio of 1.67 and then nH 3 • H 2 o was titrated slowly to regulate the pH value up to 9, with maintenance for 2 h. the solution would be neutralized by 1 mol glacial acetic acid and 1 mol sodium hydroxide. once the pH value was 7, the solution would be gelatinized at 25̊C. the Hc gel was fabricated by the physical mixing of nano-Ha powders into collagen solution in a ratio of 10 mg:1 ml.
Isolation and culture of chondrocytes. this study was performed strictly according to the recommendations in the Guide for the care and use of laboratory animals of the national institutes of Health. the protocol was approved by the ethics committee of animal experiments of Guangxi medical university. all surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering. cartilage was isolated from newborn Sd rats (3-5 days old) in sterile conditions. The new born SD rats were sacrificed by an intravenous injection of a euthanasia solution. articular cartilage was isolated from the joints of the limbs in sterile conditions. Soft tissue attached to the surface of the cartilage was removed using 0.25 mg/ml trypsin at 37˚C for 30 min. The cartilage was then shred into 1 mm 3 pieces with ophthalmic scissors. the tissue pieces were digested in 1 mg/ml type ii collagenase for 3 h. finally, chondrocytes were collected and cultures on dishes in DMEM with 10% FBS. Subsequent to passaging 2 times, the cells were seeded at a density of 2.4x10 4 /cm 2 on dishes paved with nHc, Hc or colia1 gel. in the control group, chondrocytes were cultured in 10% FBS containing 10 ng/ml transforming growth factor-β (tGf-β) (peprotech, inc., rocky Hill, nj, uSa), 50 mg/ml insulin-transferring-selenium, 100 nmol/l dexamethasone and 50 µg/ml vitamin c (all Sigma-aldrich; merck KGaa). experiments were performed at 2, 4 and 6 days of culture.
Proliferation of chondrocytes. the proliferation of the cells was observed by methyl thiazolyl tetra zolium (mtt) assay (Sigma-Aldrich; Merck KGaA). Briefly, chondrocytes (5,000 cells/well) were cultured in 96-well microplates coated with collagen, HC or nHC film for 1, 2, 3, 4, 5 and 6 days. mtt (20 µl; 5 mg/ml) was added into the culture medium (200 µl) in each well. Following incubation for 4 h at 37̊C, the medium supernatant was removed carefully and dimethyl sulfoxide was added (150 µl/well). the optical density (od) was detected by a microplate reader at 490 nm.
Cells adhesion. a scanning electron microscope (Sem) was used to analyze the adhesion of the cells on the film surface. Slides coated with gel film seeded with chondrocytes were fixed in glutaraldehyde for 24 h at 4̊C. Following dehydration, drying and gold spraying in order, the film surfaces and cell-matrix interaction were studied with an Sem (Hitachi, ltd., tokyo, japan) operating at 3 kV, and images were captured.
Cell viability examination. chondrocyte viability on the gel film was measured utilizing a live-dead viability assay kit (invitrogen; thermo fisher Scientific, inc., Waltham, ma, uSa). Subsequent to being washed in pBS, the chondrocytes were incubated in 1 ml pBS containing 0.5 µl calcein-acetoxymethyl (calcein-am) and 2 µl propidium iodide (pi) in the dark. after 5 min, the viability of the cells was visualized with a laser scanning confocal microscope (niS elements, version 2.1, nikon a1; nikon, tokyo, japan) and images were captured.
Morphological analysis. Subsequent to being cultured for 2, 4 or 6 days, the chondrocytes were fixed in 4% (w/v) paraformaldehyde (Beijing Solarbio Science and technology co., ltd.) for 30 min. Hematoxylin and eosin (H&e; Beyotime, Shanghai, china) was used to dye the nuclei and cytoplasm, respectively, at room temperature for 5 min. finally, samples were gradually dehydrated in 75% alcohol (10 sec), 95% alcohol (10 sec), anhydrousalcohol (10 sec) (Yong da, tianjing, china) successively at room temperature. they were them dried in a drying oven (dHG-9140; jing Hong, Shanghai, china) at 60˚c for 30 sec, and sealed with neutral gum (Beijing Solarbio Science and technology co., ltd.) and observed using a microscope (BX46; olympus, tokyo, japan).
Aggrecan secretion. Safranin o staining solution was used to detect the aGc secretion of the chondrocytes seeded on gel film. Subsequent to fixing and washing, the cells were incubated with Safranin o (Beijing Solarbio Science and technology co., ltd.) at room temperature for 20 min. next, the samples were gradually dehydrated, sealed with neutral gum and observed. to further detect the aGc secretion ability of the chondrocytes, the cells were digested with proteinase K solution for 16 h at 60˚C. The DNA production was measured by spectrofluorometer using Hoechst 33258 dye at room temperature for 5 min in the dark. the glycosaminoglycan (GaG) content was quantified by DMMB assay. GAG production in each cell was normalized to the total dna content of the cells.
Immunohistochemical staining. to analyze the cartilage-like matrix production of chondrocytes, colia1 and col1a2 were detected by iHc using monoclonal antibodies to the proteins of interest. The cells were fixed in 4% (w/v) paraformaldehyde (Beijing Solarbio Science and technology co., ltd.) at room temperature for 30 min and then treated with 0.01% Triton X-100 (Beyotime) for 10 min, and then H 2 o 2 (3%; Beyotime) was added to eliminate endogenous peroxidase activity for 10 min. Goat serum (5%; Wuhan Boster Biological technology, ltd.) was used to block the non-specific binding sites at room temperature for 15 min. after 10 min, the samples were incubated with primary antibodies against colia1 (1:100; Ba0325; Wuhan Boster Biological technology, ltd.) and col1a2 (1:100; BA0533; Wuhan Boster Biological Technology, Ltd.) at 4̊C overnight. Subsequent to rewarming at room temperature for 30 min, the cells were incubated with the secondary antibody (1:100; Ba1005; Wuhan Boster Biological technology, ltd.) for 10 min. a 3,3'-diaminobenzidine tetrahydrochloride kit (Wuhan Boster Biological technology, ltd.) was used to visualize the antibody binding at room temperature for 2 min. Hematoxylin was used to dye the nuclei at room temperature for 15 sec. finally, samples were gradually dehydrated in 75% alcohol (10 sec), 95% alcohol (10 sec) ,anhydrousalcohol (10 sec) (Yong da) successively at room temperature. after being dried in drying oven (dHG-9140; jing Hong) at 60˚c for 30 sec, the samples were sealed with neutral gum (Beijing Solarbio Science and technology co., ltd.) and observed using a microscope (BX46; olympus).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. total rna was isolated from the cell/hydrogel constructs using an extraction kit (tiangen Biotech co., ltd., Beijing, china) at 6 days of culture. rna was reverse transcribed by first Strand cdna Synthesis kit (roche diagnostics, Basel, Switzerland) according to the manufacturer's protocols. the cdnas were then subjected to rt-pcr to measure the expression of colia1 and col1a2, and AGC. Briefly, according to the RT-PCR kit (containing SYBr-Green i) protocol (roche diagnostics GmbH, mannheim, Germany), 1 µl rna, 30 pmol forward and reverse primers (liuhe Genomics technology co., peiking, china) and other reagents in the kit were added into the reaction tube. The initial denaturation stage was at 95̊C for 5 min, followed by 35 cycles of PCR. Each cycle occurred at 94˚C for 40 sec, 56̊C (AGC) or 57̊C (β-actin, colia1 and col1a2) for 40 sec, and 72̊C for 90 sec. Finally, extension occurred at 72̊C for 5 min. Relative quantification was calculated using the 2 -ΔΔcq method (30) and all the results were normalized to a house-keeping gene, β-actin. the sequence of primers for β-actin, aGc, colia1 and col1a2 were as follows: β-actin forward, 5'-atGatatcGccGcGctcGtcGt-3' and reverse, 5'-cct cGt cGc cca cat aGG aat c-3'; aGc forward, 5'-GaG tGG GcG GtG aGG aGG aca t-3' and reverse, 5'-ctG cGG cGc cGt GGG GGa Ga-3'; colia1 forward, 5'-cGG cGG tGG tta cGa ctt tGG tt-3' and reverse, 5'-GGG ttc ttc cGG GaG cct tca G-3'; and col1a2 forward, 5'-Gcc acc GtG ccc aaG aaG aac t-3' and reverse, 5'-aca Gca GGc Gca GGa aGc tca t-3'.
Statistical analysis. every experiment was conducted at least three times for the different days, and samples were collected in triplicate for each group. the statistical differences were measured by a one-way analysis of variance. firstly, homogeneity of variances was calculated by levene's test (α=0.05). Secondly, there was significant difference between each group if f>fα (α=0.05), p<0.05. finally, multiple comparisons were conducted using the Student-newman-Keuls post hoc test.
Results
Chondrocyte proliferation. proliferation of chondrocytes cultured on the gel film was detected by mtt. the results showed that cells proliferated in a time-dependent manner ( fig.1 ). in the early culture period, cells proliferated rapidly and then reached a plateau at 4 days. comparatively, the od value of the nHc group was the highest followed by that of the tGf-β group, the Hc group and the collagen group (p<0.05), which indicates that nHc gel supports cell growth the most markedly. There was no significant difference in OD value between the tGf-β group and the Hc group.
Chondrocyte distribution. the chondrocyte distribution on the gel films was observed under a SEM (Fig. 2) . The number of cells adhered to the nHC film was much higher than that adhered to the others, suggesting that the nHc film could better support cell growth.
Cells viability. the chondrocyte viability was examined by calcein-am/pi staining ( fig. 3 ) with alive cells depicted in green and dead cells in red (fig. 3a) . the number of the cells in green or red was calculated by image-pro plus 6.0 (national institutes of Health, Bethesda, uSa) respectively after importing the pictures. the results showed that cells survival (Fig. 3B) on the nHC film was much higher than that in the tGf-β group and on HC and collagen film, which was consistent with the results of the mtt assay. furthermore, the viable to dead ratio (Fig. 3B ) of the cells cultured on nHC film was higher than that of the control groups, indicating that the nHC film may serve as a substrate of benefit for chondrocyte survival and proliferation.
General observation. Chondrocytes seeded on the gel film were measured by H&e staining (fig. 4) . a greater number of cell clusters formed by aggregation of chondrocytes were observed in the nHc group.
Aggrecan secretion. to determinate the aGc secretion of chondrocytes seeded on the film, samples were stained with Safranin o. the aGc appeared orange following reaction with Safranin o. the results of the Safranin o staining ( fig. 5a ) showed that the orange color was much more evident in the nHc group than in the Hc and collagen groups. the histograms in fig. 5B show that the GaG and dna contents were highest in the nHc group compared with that in the other collagen-based groups and even the positive group, which was tGf-β added to the culture medium. However, the ratio of GaG to dna in the nHc group was lower than that of the tGf-β group, which indicated that nHC film could serve as an optimal substrate for chondrocyte growth, but that it could not maintain the phenotype equal to using tGf-β.
Immunohistochemical staining. immunohistochemical staining was used to detect the indicators of cartilage ecm, colia1 or col1a2 ( fig. 6 ). the expression of col1a2 was stronger and that of colia1 was weaker in the nHc group compared with that in the Hc and pure collagen groups, indicating that the chondrocyte phenotype and biological functions could be maintained effectively when cells were cultured on nHC film for a long period of time.
RT-qPCR analysis. rt-qpcr analysis of tissues cultured for 6 days in vitro showed that there was a significant difference in the gene expression of aGc, colia1 or col1a2 among the collagen-based hydrogels (p<0.05) ( fig. 7) . col1a2 exhibited higher mrna expression and col-i exhibited expression in the nHc group compared with the control groups, indicating that the ratio of col1a2 to colia1 was enhanced. therefore, as a culture matrix, nHc gel may increase the synthesis of cartilage marker and it is reasonable to speculate that the chondrocyte phenotype with no dedifferentiation was maintained in nHC film.
Discussion
the present study focused on the biomimetic monolayer as a substrate for the in vitro culture of chondrocytes to preserve phenotype and promote cell growth, in order to provide a promising cell reservoir in cell-based therapy. Based on figure 1 . proliferation of chondrocytes. chondrocytes were seeded on the gel film at a density of 5,000 cells/well in 96-well microplates. Cytoviability of the chondrocytes on the gel film was measured by mtt assay every day. the data are reported as the mean ± standard deviation. * p<0.05, ** p<0.01 and *** p<0.001 vs. the collagen-based groups; # p<0.05, ## p<0.01 and ### p<0.001 for comparisons between the collagen-based groups and the tGf-β group. od, optical density; tGf-β, transforming growth factor-β; c, collagen; Hc, hydroxyapatite/collagen; nHc, nano-Hc. Chondrocyte distribution. The chondrocyte distribution on the gel films was observed by scanning electron microscope. The number of cells adhered to the nHC film was much higher than that adhered to the others, suggesting that the nHC film could better support cell growth. TGF-β, transforming growth factor-β; Hc, hydroxyapatite/collagen; nHc, nano-Hc. figure 5 . aggrecan secretion. (a) aGc appeared orange following reaction with safranin o. the results of the safranin o staining show that the orange color is more evident in the nHc group than in the Hc and collagen groups. (B) the histograms show that the GaGs and dna contents were highest in the nHc group than in the other collagen-based groups and even the positive group, which was TGF-β added to culture medium. However, the ratio of GAG to DNA in the nHC group was lower than in the TGF-β group. The data are reported as the mean ± standard deviation. our previous findings, we chose nHC film by way of in situ synthesis and compared with collagen and mixed HC films.
in the present study, the results showed that collagen, Hc and nHC films could support the growth of chondrocytes, as demonstrated by cell proliferation assays, morphological examinations and cell viability analyses. compared with the other collagen-based groups, nHC film showed superiority with regard to growth promotion and phenotype maintenance for chondrocytes. it is well known that chondrocytes are anchorage-dependent and require attachment to the ecm in order to survive and proliferate (31) . collagen provides a more native surface for chondrocytes, as it is the major component of cartilage ecm. most importantly, collagen possesses ligands that favor cellular attachment. it was previously reported that collagen membranes seeded with chondrocytes appeared to improve cartilage healing by improving composite histological scores, cartilage GaG and dna contents, and mechanical properties in vivo (32) . In vitro, chondrocytes treated with collagen in 2d monolayer culture maintained high expression of characteristic chondrocyte markers, whereas the expression of the fibrocartilage marker was minimal (33) . furthermore, in the present study, expression of cartilage-specific genes and proteins, including COL1A2 and aGc, was enhanced with the increase in cell proliferation and growth, as demonstrated by mtt, rt-qpcr and immunohistology. this indicates that collagen-based substrates facilitate the maintenance of a differentiated phenotype for chondrocytes. Thus, collagen-based films are preferable as cell substrates for chondrocyte culture in vitro.
further, the addition of Ha particles, whether micro-or nano-scale, were found to enhance cell attachment more markedly than collagen alone. these results corroborate previous studies showing that Hc composites are preferable over collagen in that Ha strengthens the bioactivity of collagen (25) . When combining collagen and Ha, the wettability and permeability of the composite could be improved, resulting into culture medium penetration that figure 7. rt-qpcr analysis. cartilage matrix relative gene expression was analyzed by rt-qpcr. the chondrocytes were seeded on the nHc, Hc and pure collagen films and cultured for 6 days. Gene expression in cells relative to the control group was calculated by the 2 -ΔΔcq method using the β-actin gene as the internal control. the data are reported as the mean ± standard deviation. .001 for comparisons between the collagen-based groups and the TGF-β group. HC, hydroxyapatite/collagen; nHC, nano-HC; calcein-am/pi, acetoxymethyl/propidium iodide; tGf-β, transforming growth factor-β; col-i, collagen type i; col-ii, collagen type ii; rt-qpcr, reverse transcription-quantitative polymerase chain reaction. figure 6 . immunohistochemical staining. Stronger positive expression (brown-yellow color) of col ii and weaker expression of col i was observed in the nHc group compared with that in the Hc and pure collagen groups, indicating that the chondrcocyte phenotype and biological functions could be maintained effectively when cells were cultured on nHC film for a long time period. HC, hydroxyapatite/collagen; nHC, nano-HC; calcein-AM/pi, acetoxymethyl/propidium iodide; tGf-β, transforming growth factor-β; col-i, collagen type i; col-ii, collagen type ii.
is favorable for cell growth (34) . the Ha particles are spread on the film very evenly and this is expected to increase the chances for cells to make contact with Ha particles, which may enhance cell-ecm interactions (35) . comparatively, nHc by way of in situ synthesis is superior to the conventional blend-mixing Hc composites. Without the aggregation of nano-Ha, nano-sized Ha synthesized in situ can provide a higher surface area for cell growth, which may increase cellular proliferation (36, 37) . unlike ultrasonic or mechanical mixing, the in situ hybridization technique (29, 38) ensures the crystallization of nano-Ha (39) , with the advantage of obtaining a homogeneous hybrid scaffold with uniformly distributed nano-Ha particles (25, 40) . our previous study showed that nano-Ha particles synthesized in situ were bestowed with enhanced mechanical properties and improved the biological activity of the 3d scaffold (25) . In the present study, the nHC film encouraged cell proliferation and prevented chondrocyte dedifferentiation, suggesting its role as a favorable substrate for chondrocytes.
in conclusion, the present study investigated the effect of collagen-based substrate on the growth and phenotype maintenance of chondrocytes when expanded in vitro. as evidenced by mtt assay, use of an Sem, calcein-am/pi staining, H&e staining, Safranin o staining, iHc and rt-qpcr, cell growth and cartilage-specific ECM components, including AGC and COL1A2, were promoted in the nHC film compared with that in the control. expression of colia1, an indicator of dedifferentiation, was downregulated in the collagen-based film groups. nHC showed the best performance among all the collagen-based groups. The nHC film may serve as a cartilage-like ECM, and favors cell growth and prevention of dedifferentiation. taken together, these results show that nHC composite film is a promising substrate for the culture of chondrocytes for cell-based therapy.
